Seismicity within two earthquake swarms (m b 1.0 to 4.0) in northern Tanzania recorded by the 1994-1995 Tanzania Broadband Seismic Experiment has been investigated through event relocation, modelling of regional depth phases and examination of focal mechanisms. In the Manyara swarm, seismicity is distributed over a region ~20 km wide and extends to >30 km depth. Hypocenters correlate well with the Manyara Rift, and focal mechanisms of many events show normal faulting with nodal planes having the same north-northeast orientation as the Manyara Rift border fault. This result indicates that the events are consistent with slip along the border fault and related faults beneath the Manyara Rift, and shows that the faults extend into the lower crust. Seismicity in the KwaMtoro swarm is distributed over a region ~10 km wide but extends only to ~12 km depth. There are no mapped faults above the swarm, but a strong correlation between the north to south orientation of the swarm, the north to south orientation of nodal planes in focal mechanisms, and north to south striking extensional structures nearby, suggest that events in this swarm could be caused by slip on a system of rift faults. However, a magma-driven origin for either swarm cannot be ruled out either.
Introduction
In northern Tanzania, the Eastern Branch of the East African Rift System (EARS) impinges on the eastern margin of the Archean Tanzania Craton in a region of incipient rifting (e.g., Wohlenberg, 1969; Fairhead and Stuart, 1982; Dawson, 1992) (Figure 1 ). Previous seismicity studies identified two earthquake swarms, with m b 1.0 to 4.0, that were active within northern Tanzania in 1994 and 1995, one in the Manyara Rift, referred to as the Manyara swarm, and the other one to the south of the Manyara Rift along the edge of the craton, referred to as the KwaMtoro swarm (Nyblade et al., 1996; Langston et al., 1998) . Preliminary hypocentral locations indicated that most of the seismicity in these swarms occurred within the upper and middle part of the crust, but that some events could be as deep as 40 km. However, the preliminary hypocenters were not well constrained, leaving much uncertainty about the depth extent and location of the seismicity in relationship to nearby rift structures. Through event relocation, modelling of regional depth phases and examination of focal mechanisms, we investigate if these swarms are consistent with slip on rift faults, if seismicity does indeed extend into the lower crust, and if these swarms could also be attributed to dike-induced faulting.
Geology and tectonic setting
The East African Plateau, covering an area of ~1.8 x 10 6 km 2 with a mean elevation of about 1 km, has been described as a first order topographic feature within the African continent ( Nyblade and Robinson, 1994; Burke, 1996) . The plateau encompasses several Precambrian terrains that have experienced Cenozoic extension related to uplift and rifting across East Africa (Figure 1 ). These terrains include the Archean Tanzania Craton, located in the centre of the plateau, surrounded by the Proterozoic Mozambique, Ubendian and Kibaran Belts. The ~3000 km long Cenozoic Rift System forms two branches, namely, the Western Branch and the Eastern Branch that have developed within the mobile belts along the flanks of the plateau (Figure 1 ). The rift structures within northern Tanzania define the termination of the Eastern Branch (Figure 2 ), and this termination is marked by a change in the rift morphology. As it enters northern Tanzania, the Eastern Branch splays into a ~300 km wide zone of block faulting, in contrast to the well-defined, 80 km wide graben it forms to the north in Kenya. The 300 km wide zone can be divided into three distinct segments defined by the Eyasi rift to the west, the Manyara Rift in the middle and the Pangani rift to the east (Figure 2 ). The three segments consist of many half graben structures up to 100 km long and 50 km wide, often bordered by a pronounced escarpment . The zone of block faulting is also characterised by several volcanoes (Figure 2 ). The divergence of the rift may be caused by the presence of thick cratonic lithosphere extending beneath the Mozambique Belt in northern Tanzania .
The middle rift segment in northern Tanzania extends ~400 km south and south-westward along the edge of the craton (Tesha et al., 1997; Figure 2) . The earthquake swarms investigated in this study lie within this middle segment (Figure 2 ). The northern, or THE 1994 THE -1995 MANYARA AND KWAMTORO EARTHQUAKE SWARMS:  VARIATION IN THE DEPTH EXTENT OF SEISMICITY IN NORTHERN TANZANIA Manyara swarm, developed adjacent to the ~100 km long Manyara Rift border fault. This border fault displays a segmented geometry characteristic of many continental rift faults (Ebinger et al., 1993) , has an average dip of 60° (Ring et al., 2005; Le Gall et al., 2008) and forms a ~500 m high escarpment.
The southern, or KwaMtoro swarm, lies almost directly south of the Manyara swarm in an area where there are no mapped faults. The geological map and the Shuttle Radar Topography Mission (SRTM) data of the area show nearby morphological features associated with faults and topographic lineaments trending in sub northsouth to northnortheast to south-southwest directions (Figures 2 and 3) . Some of these faults are likely to be Plio-Pleistocene in age (Fozzard, 1961) . The area is bordered to the west and southwest by the Chenene Mountains (~2.0 km high), to the northwest by the Plio-Pleistocene Hanang volcanic complex (~3.4 km high), and to the east by the Masai Block (Figures 2 and 3) . The Chenene Mountains are also referred to as the KwaMtoro block.
Previous studies of seismicity and focal mechanisms Seismicity maps of East Africa produced over the past few decades show that most of the seismicity is confined SOUTH AFRICAN JOURNAL OF GEOLOGY (A and B) , and the Gelai swarm (C) (Calais et al., 2009 ). The map also shows the three rift segments of the northern Tanzania divergence zone along with the volcanic centers (modified from Ring et al., 2005 and Macheyeki et al., 2008). to the rift zones (Figure 4) , (e.g., Fairhead and Girdler, 1969; Wohlenberg, 1969; Bungum and Nnko, 1984; Kebede and Kulhanek, 1991; Iranga, 1992; Nyblade et al., 1996) . The highest amount of seismicity in the Eastern branch occurs in northern Tanzania, encompassing the area of the earthquake swarms investigated here.
Studies of the depth distribution of seismicity within the East African Rift, including northern Tanzania, have reported events throughout the upper and lower crust (e.g., Shudofsky et al., 1987; Nyblade and Langston, 1995; Foster and Jackson, 1998; Langston et al., 1998) . Well-constrained focal depths from waveform analysis using teleseismic data for events in northern Tanzania show nucleation depths extending to 30 to 40 km (Nyblade and Langston, 1995; Foster and Jackson, 1998) . A study by Brazier et al. (2005) using regional depth phases obtained a focal depth of 34 km for an event within the Manyara rift (Figure 3) .
Recent studies of an earthquake swarm (M>4) in the Gelai region of northern Tanzania (Figure 2 ) using seismic and geodetic data have suggested that the seismicity is associated with dyke-induced faulting (Baer et al., 2008; Calais et al., 2009) . Events within the swarm extend to a depth of 14 km depth (Calais et al., 2009 Nyblade et al. (1996) and Langston et al. (1998) . Numbers on focal mechanisms show event number, source depth and magnitude. Events 1 to 5 are from Brazier et al. (2005); 6 and 7, Foster and Jackson (1998); 8, Nyblade and Langston (1995); 9, Shudofsky (1985) . ( east-west, roughly perpendicular to the EARS trend (Fairhead and Stuart, 1982) or northwest-southeast, somewhat oblique to the EARS trend (Strecker et al., 1990) . In northern Tanzania, focal mechanisms show a range of stress orientations (Shudofsky, 1985; Brazier et al., 2005) . A recent study by Macheyeki et al. (2008) using a stress tensor inversion of focal mechanisms for events with m b >4.0 in the Manyara rift found a nearly east-west extensional regime.
Data and methodology Data
The data used in this study are from the one-year-long (1994) (1995) Tanzania broadband seismic experiment that consisted of 20 broadband seismographs deployed in two 1000 km long linear arrays, one crossing Tanzania from the northeast to the southwest and the other crossing Tanzania from east to west (Nyblade et al., 1996 ; Figure 1 ). The distance between the stations ranged from 50 km to 200 km. Further details of the deployment can be found in Nyblade (1996) .
Earthquake location
Events associated with the Manyara and KwaMtoro earthquake swarms were initially identified in the seismicity studies by Nyblade et al. (1996) and Langston et al. (1998) . As noted previously, the event locations in these studies, and in particular focal depths, were not well constrained. To better resolve the seismicity patterns in the swarms, the events were relocated using both absolute and relative earthquake location techniques. A velocity model from Langston et al. (2002) ( Table 1 ) was used in the location procedure for all stations. This model was chosen because it is the best Absolute locations were obtained using handpicked P arrival times and the HYPOELLIPSE event location code (Lahr, 1999) . The location procedure in HYPOELLIPSE is based on the minimisation of the root mean square (RMS) residuals obtained from phase arrival times (Lahr, 1999) . Data from at least ten stations were used for locating each event. Uncertainty in the locations obtained arises primarily from picking arrival times, the velocity model and network geometry. Some of the P-wave arrivals in the data were very clear before filtering and others were not. Because of this, we filtered all the data using a band-pass filter of 1 to 5 Hz ( Figure 5 ). On the filtered traces, P arrival times were picked to within 0.1s. S-phases were not easily picked on most of the records and thus S arrival times were not used in locating the events. 
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Figure 6. Seismicity of the Manyara swarm. (a) Spatial distribution of earthquakes located using HYPOELLIPSE. (b) Spatial distribution of earthquakes located using hypoDD. (c) Cross-section A-A' showing depth distribution of the events drawn parallel to the cluster as shown in (b). (d) Cross-section B-B' showing depth distribution of the events drawn perpendicular to the cluster as shown in (b).
Figure 7. Seismicity of the KwaMtoro swarm. (a) Spatial distribution of earthquakes located using HYPOELLIPSE. Black circles indicate the location of similar waveforms presented in Figure 10. (b) Spatial distribution of earthquakes located using hypoDD. (c) Cross-section A-A' showing depth distribution of the events drawn parallel to the cluster as shown in (b). (d) Cross-section B-B' showing depth distribution of the events drawn perpendicular to the cluster as shown in (b).
In the location process, the P-wave picks that resulted in residuals between 0.8 s to 1.0 s were down weighted by 50 to 75% in the location algorithm, while those with residuals greater than 1.0 s were removed from the data set. Events with an average P travel time residual of less than 0.4 s were kept for further analysis and interpretation. The 68% confidence error ellipses obtained from the location procedure indicate that uncertainties in epicentral locations range from 0.5 to 1.6 km, and that uncertainties in the source depth range from 0.8 to 1.8 km. An event catalog is provided in Mulibo (2009) .
To characterise further the pattern of seismicity in each swarm, we relocated the events using the relative location double-differencing code, hypoDD (Waldhauser and Ellsworth, 2000) . The hypoDD technique uses arrival time differences to compute the relative position of neighboring events. It provides reliable relative hypocenter locations by exploiting the fact that the distance between events should be smaller than the distance between the events and stations. The method assumes that the ray path from an event to a station is independent of the un-modeled velocity perturbations along the ray path. The method further links events sharing one station by reducing the difference in travel time residual between pairs of events.
Event pairs were linked using a range of correlation lengths from 2 to 15 km recorded by stations within 300 km of the centre of the cluster. With smaller values (2 to 7 km), the double difference algorithm rejected larger numbers of events (60% to 90%), while for larger values (10 to 15 km), no differences in locations were obtained compared to the locations obtained from the HYPOELLIPSE code. The uncertainties in relative locations after using the double difference method, independent of correlation length, are 0.1 to 0.5 km horizontally and 0.1 to 0.4 km vertically.
Focal mechanisms
Fault plane solutions were obtained using the FOCMEC program (Snoke, 2003) . The programme is based on a grid search through all combinations of strike, dip and rake to find the triplet of angles that best matches a given set of phase polarities. P-polarities only were used, along with a 2°angle increment in the grid search. Events for which one consistent set of nodal planes with an average uncertainty in strike, dip and rake of ≤5°w ere kept for interpretation. Using the full set of acceptable solutions for each event, an average mechanism was obtained. The full range of solutions for each event is given in Mulibo (2009) .
Waveform modeling
To evaluate the source depths obtained from the relocation procedures, regional depth phases were modeled for a few of the deepest events in each swarm with synthetic seismograms computed using the reflection-matrix method (Kennett, 1983) . In this method, the focal mechanism obtained for each event 
(a) Spatial distribution of earthquakes located using hypoDD with a correlation length of 5 km. (b) Cross-section A-A' showing depth distribution of the events drawn parallel to the cluster as shown in (a). (c) Cross-section B-B' showing depth distribution of the events drawn perpendicular to the cluster as shown in (a).
Figure 9. Seismicity of the KwaMtoro swarm. (a) Spatial distribution of earthquakes located using hypoDD with a correlation length of 2 km. (b) North to south cross-section showing depth distribution of the events in clusters 1 and 2. (c) West to east cross-section showing depth distribution of the events in clusters 1 and 2. (d) Cross-section showing depth distribution of the events drawn perpendicular (west-northwest to east-southeast) to the cluster 1. (e) Cross-section showing depth distribution of the events drawn perpendicular (west-northwest to eastsoutheast) to the cluster 2.
was used, together with the velocity model from Langston et al. (2002) , to generate synthetic waveforms.
Synthetic seismograms generated for a range of source depths were then visually compared to the data for identifying and matching up regional depth phases (e.g., pPn, sPn, sSn), thereby constraining the focal depth. Arrival times for the depth phases were computed using the velocity model in Table 1 and the Tau-P code (Crotwell et al., 1999) . We focused primarily on identifying and modeling sPn because Langston et al. (2002) show that this depth phase is a prominent phase on regional seismograms recorded at a distance ≥180 km within the study area. By matching the depth phases, source depths can be determined to ± 1 km.
Results
Event location using HYPOELLIPSE
A total of 313 events in both swarms were located using HYPOELLIPSE, 102 events in the Manyara swarm and 211 in the KwaMtoro swarm. The spatial pattern of the events in the Manyara swarm shows that the events are distributed within the Manyara Rift basin in a ~60 km long north-northeast to south-southwest striking swath (Figure 6a ). The temporal distribution of the events does not show any correlation along the basin. The pattern of seismicity during any two-month interval is distributed along the entire length of the swath. The KwaMtoro swarm is shown in Figure 7a . Events in this cluster are spatially distributed in an almost north to south direction over a distance of ~45 km. As in the Manyara swarm, there is no temporal pattern in the distribution of the events along strike.
Event location using hypoDD
The spatial distribution of the epicenters obtained for the Manyara swarm from the hypoDD code, using a correlation length of 8 km, is somewhat more tightly clustered compared to the distribution obtained using the HYPOELLIPSE method (Figure 6a; b) . From Figure 6 , it can be seen that the events closely align with the Manyara Rift border fault. Cross-sections of the events running parallel and perpendicular to the cluster are illustrated in Figures 6c and d . From these cross-sections, it is clear that the earthquakes are distributed throughout the crust down to 30 to 33 km depth, with most of the events occurring between 15 to 30 km depth. The epicenters obtained from the hypoDD code for the KwaMtoro swarm using a correlation length of 8 km (Figure 7b ) also only show a small improvement in the clustering of hypocenters compared to the HYPOELLIPSE locations (Figures 7a and b) . The spatial pattern of earthquakes in the KwaMtoro swarm cannot be correlated directly with mapped surface faults but clearly aligns with rift-related structures in the Masai Block (Figures 3 and 7b) . The depth distribution of the earthquakes in this swarm is shallower than in the Manyara swarm (Figures 7c and d) . Most of the events are concentrated in the crust between 8 to 12 km depth.
Different correlation lengths were used in the hypoDD code in an attempt to tighten up the clustering of hypocenters. For the Manyara swarm, a 5 km correlation length was found to be the smallest useful length. 90% of the events were rejected when smaller lengths were used (Figure 8 ). For the KwaMtoro swarm, a 2 km correlation length was found to be the smallest useful length (Figure 9 ). Reducing the correlation length for both swarms does not significantly improve the alignment of the hypocenters, and by adjusting the correlation lengths, we were unable to get the seismicity of either swarm align along a plane. Thus, the seismicity pattern suggests that multiple small faults or fault segments are rupturing in each swarm rather than a single larger fault. Nonetheless, the waveforms from events within each swarm exhibit similar characteristics (Figure 10 ). 
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Earthquake depths from waveform modeling
Waveform modeling of regional depth phases was done for a number of events to evaluate the accuracy of depths obtained from the location algorithms. Data from three of the deepest events in each swarm were modeled. The best match between the data and synthetic waveform for each event gives a focal depth that is consistent with the one obtained from the location algorithms, indicating that the depth distribution of events is generally well constrained (Figure 11) . Figure 11a illustrates the travel paths of the depth phases modeled, and Figures 11b and 11c show data and synthetics for the events from both swarms. For the Manyara swarm, it can be observed that good matches between the data and synthetic waveforms are obtained at depths of 30 km, 29 km and 32 km, similar to the depths of 31 km, 30 km and 33 km obtained from HYPOELLIPSE. For the KwaMtoro swarm, consistent depths between the waveform modeling and HYPOELLIPSE are also obtained. The synthetic waveforms give depths of 10 km, 12 km and 12 km, consistent with the 11 km, 13 km and 13 km depths obtained from HYPOELLIPSE.
Focal mechanisms
The focal mechanisms for the Manyara swarm show predominantly dip-slip normal faulting (Figure 12) . A close examination of the mechanisms shows small variations in the orientation of the nodal planes from north to south along the strike of the swarm. Three groupings of focal mechanisms can be identified for the areas enclosed by the dotted lines in Figure 12 based on similarities in the waveforms and focal mechanisms. Waveforms from events within each grouping have similar P wave shapes, as illustrated in Figure 13 . Thus for each of the three groupings, a single focal mechanism was generated by averaging all of the focal mechanisms within each group (Figure 12) .
The first two groups (A and B, Figure 12 ), located in the northern and central parts of the swarm, consist of focal mechanisms striking in a north-northeast to southsouthwest direction with a sub eastwest extension direction. Most of the focal mechanisms in group B show a small amount of oblique motion. The third group (C, Figure 12 ) lies in the southern part of the swarm. The nodal planes in this group strike from the northeast to the southwest. The change in the orientation of the nodal planes between groups A and B and group C is consistent with the change in the orientation of the Manyara rift border fault.
For the KwaMtoro swarm, 24 focal mechanisms have been obtained (Figure 14) . The focal mechanisms consistently show northsouth striking nodal planes. A very small amount of oblique motion is shown in some of the mechanisms. The north to south striking nodal planes are consistent with the north to south orientation of the swarm itself and with the major faults and lineaments within the Masai Block (Ring et al., 2005 ; Figure 3 ).
Discussion
The events in the Manyara swarm occur at both upper and lower crustal depths and the seismicity pattern and the focal mechanisms correlate well with the orientation of the Manyara border fault. The strong correlation indicates that the events can be associated with slip on the border fault and related faults within the Manyara rift. The Manyara border fault might not extend into the lower crust, but if not, then other faults beneath the rift must extend to depths ≥30 km. Other faults have been shown to be prominent in the vicinity of the Manyara border fault (Ring et al., 2005) . The swarm could also be associated with dyke-induced faulting, similar to the 2007 dyke event in northern Tanzania (Baer et al., 2008 and Calais et al., 2009) .
Because the KwaMtoro swarm is not associated with any mapped faults, we first investigate if the swarm could be caused by a tensile crack associated with magma intrusion. To do this, three of the events (events 15, 17 and 19) at depths between 9 and 11 km were modeled assuming a crack opening source. The events represent the depths occupied by the majority of the events in the swarm (i.e., 8 to 12 km). First the moment tensor of each event was calculated using the tensile crack opening model and associated cartesian equation from Nakano and Kumagai (2005) . Then the polarities of the first P-wave motion for each station were computed using equations (4.83) and (4.91) from Aki and Richards (1980) . The P-wave polarities obtained from the crack model show positive compressional first motions for all stations (Figures 15a to c) , which does not match with the observed first motion polarities (Figures 15d to f) . From this result, a tensile opening as the source of the seismicity can be ruled out. However, a magmatic origin for the swarm might occur in other ways. For example, the swarm could originate from dyke-induced faulting, as in the case of the 2007 dyking event in northern Tanzania (Baer et al., 2008; Calais et al., 2008) . Or the presence of magma deep in the crust could cause groundwater movement along shallow fractures resulting in an increase in pore pressure, which would decrease the effective normal stress and thus frictional resistance along a fault (Lengrand et al., 2002) . This process can result in an increase in micro-earthquake activity, explained by a decrease of the Coulomb failure envelope around Mohr's circle without changing the orientation of the pre-existing faults (Hubbert and Rubey, 1959) .
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The alternative possibility is that the KwaMtoro swarm could result from slip along subsurface faults caused by the regional stress field. This possibility is supported by the general north to south orientation of faults in the vicinity of the swarm (Figure 3) , similar to the north to south orientation of the swarm itself and the north to south orientation of nodal planes in the focal mechanisms. In Figure 3 , many north to south and north-northeast to south-southwest striking faults and lineaments can be seen to the north and east of the swarm, some not more than a few 10s of kms away from the swarm. Fault lines can also be traced extending from the southern end of the Manyara Rift southward to the KwaMtoro swarm (Figures 2 and 3) . Thus, it is likely that a new north to south striking set of rift faults could be developing and giving rise to the earthquake swarm.
As noted in the introduction, the range of source depths reported for East Africa, including northern Tanzania, include many events that have nucleated within both the upper and lower crust (Shudofsky et al., 1987; Nyblade and Langston, 1995; Zhao et al., 1997; Foster and Jackson, 1998; Langston et al., 1998) . Strength envelope models show that the thermal structure of the East African lithosphere can support elastic deformation extending to lower crustal depths (Nyblade and Langston, 1995) . Thus, the variability in the depth distribution of seismicity between these two swarms is not unexpected.
Summary
From our analyses, we have found that the orientation of the Manyara earthquake swarm correlates well with the Manyara border fault and that focal mechanisms of many events in this swarm are consistent with normal faulting along nodal planes having the same northnortheast orientation as the Manyara border fault. This result indicates that the events are consistent with slip on the border fault and related faults within the Manyara Rift. Either the Manyara border fault or other faults beneath the rift extend to depths ≥30 km. The KwaMtoro swarm cannot be correlated with any mapped faults, and the events are distributed at shallow depths, most of which occur in a depth range of 10 to 12 km. The strong correlation between the north to south orientation of the KwaMtoro swarm, the north to south orientation of nodal planes in many focal mechanisms, and north-south striking extensional structures nearby, indicate that slip along newly developing faults within the subsurface is possible. However, a magma-driven origin for the swarms cannot be ruled out either.
